Abstract-The human protease-activated receptor 1 (PAR-1) is activated by thrombin at the surface of platelets and endothelial cells, 2 cells that are implicated in hemostasis and thrombosis. We studied the PAR-1 gene in a large case-control study from the Paris Thrombosis Study (PATHROS), and the possible implication of polymorphisms in venous thromboembolism was evaluated. Two polymorphisms were found in the 5Ј regulatory region. The first is a C to T transition that is 1426 nucleotides upstream from the translation start site (Ϫ1426 C/T), and the second is a 13-bp insertion repeating the preceding Ϫ506 5Ј-CGGCCGCGGGAAG-3Ј sequence ( 
T hrombin is a serine-protease that plays a central role in hemostasis and thrombosis at molecular levels (by activating several coagulation factors to form fibrin clots) and at cellular levels (by activating platelets and vascular endothelial cells). Thrombin-induced cellular effects are mediated by a G-protein-coupled receptor activated by proteolysis of the amino-terminal exodomain, unmasking a new aminoterminus sequence acting as a tethered ligand. 1 The peculiar mode of activation applies to all protease-activated receptors (PARs), with the thrombin receptor PAR-1 being the first cloned receptor of the family. Thrombin activates platelets to aggregate and secrete granules; this occurrence is the primary step to ensure hemostasis. 2 Endothelial cell activation by thrombin leads to various responses, such as von Willebrand factor release, prostacyclin (PGI 2 ) and nitric oxide synthesis, and cellular proliferation. [3] [4] [5] [6] [7] Endothelium-derived nitric oxide and PGI 2 act synergistically to inhibit platelet adhesion, aggregation, and secretion. 8 -10 Venous thromboembolism (VTE) is associated with several genetic risk factors, the most frequent being the factor V Arg506Gln and the prothrombin gene G20210A mutations, known to increase thrombin generation. [11] [12] [13] [14] Because thrombin activates endothelial cells and platelets through PAR-1, the density of this receptor at the cellular surface could have consequences involving hemostasis or thrombosis. At present, no human PAR-1 genetic variation associated with bleeding or thrombosis has been reported.
The PAR-1 gene comprises 2 exons separated by a large intron (Ϸ22 kb) and is located on chromosome 5q11.2 to q13.3. [15] [16] [17] [18] The first sequence analysis of the regulatory region reveals the lack of evident TATA and CAAT sequences in the appropriate locations, a frequent feature of G-protein-coupled receptor genes, 19 and the presence of several putative regulatory motifs (SP1, Ets, transcriptional enhancer factor-1, and GATA). 20 Promoter functional analysis showed that 2 clusters, SP1 and activator protein 1, are important for basal activity. 21, 22 The present study was undertaken to establish whether genetic variations of PAR-1 and their possible involvement in basal and/or induced transcription could have consequences involving the occurrence of thrombosis. For this purpose, we searched for polymorphisms in the regulatory regions of the PAR-1, ie, the promoter and the 2 exon/intron boundaries that could influence the gene expression. Three polymorphisms were identified. Among them, a repeat of the putative Ets motif in the promoter was associated with lower fragment 1ϩ2 (F1ϩ2) levels in healthy controls and was underrepresented in male cases, suggesting a sex-dependent VTE protective effect of the insertion.
Methods

Study Population
A case-control study, the Paris Thrombosis Study (PATHROS), was begun in our center in November 1995 to seek the genetic risk factor for VTE. 23 Two hundred fifty patients aged Ͻ61 years were included if they had experienced at least 1 episode of objectively diagnosed deep venous thrombosis (by compression and ventilation lung ultrasonography or venography) and/or pulmonary embolism (by perfusion and ventilation lung scan, conventional pulmonary angiography, or computed tomographic angiography).
Controls were 1214 healthy subjects age-and sex-matched recruited from a healthcare center to which they had been referred for a routine checkup. On the basis of a medical questionnaire, subjects with a history of VTE, arterial disease (stroke, myocardial infarction, angina, or peripheral vascular disease), or known malignancy were excluded. All the subjects gave their informed consent, and the study was approved by the local ethics committee. Most of the subjects (85% of controls and 88% of cases) were born in Europe, and non-European subjects were similarly distributed in the 2 groups.
Blood was taken into a tube containing 0.11 mol/L sodium tricitrate (1:10). DNA was prepared from white blood cells by a standard technique 24 and stored at 4°C until analysis. Factor V Arg506Gln and prothrombin gene G20210A mutations were identified as previously described. 23 For a subset of 383 healthy controls (195 men and 188 women), plasma was stored at Ϫ80°C until analysis. The mean age of these subjects (43Ϯ9 years) was not statistically different from that of the whole population of controls. Von Willebrand factor was measured by use of a commercial kit (Asserachrom vWF, Diagnostica Stago). Prothrombin F1ϩ2 was measured with an Enzygnost F1ϩ2 kit (Dade Behring).
Molecular Biology Techniques
Determination of Exon/Intron Boundary Sequences
Because the sequences of the exon/intron boundaries were not known for more than a few nucleotides, we used a commercial kit (the promoter finder DNA Walking, Clontech) to sequence the genomic DNA flanking exons 1 and 2 in their 3Ј and 5Ј extremities, respectively. The different primers used for amplification and sequencing the exon/intron boundaries are listed in Table 1 . Five different libraries containing uncloned adaptor-ligated human genomic DNA fragments were amplified by polymerase chain reaction (PCR) with the use of the PAR-1 gene-specific primer (GSP1) and an outer adaptor primer (AP1). These 5 amplified fragments were submitted to a second PCR with a nested PAR-1 gene-specific primer (GSP2), and a second adaptor primer (AP2). The products of the nested PCR were electrophoresed in 3% agarose and stained with ethidium bromide. Positive amplicons were purified on Sephadex G-25 spin columns (Pharmacia Biotech Inc) and directly sequenced with a third internal gene-specific primer located in exons by using ABI prism dye terminator cycle sequencing ready reaction kit and loaded on the automated sequencer 310 capillary system (PE Applied Biosystems).
PCR-Single-Strand Conformation Polymorphism
For PCR-single-strand conformation polymorphism (PCR-SSCP) analysis, 40 patients (20 men and 20 women) with deep venous thrombosis from the PATHROS study were screened. Seven overlapping fragments Ͻ320 bp in length covering the described 5Ј regulatory region were amplified. 20 Two fragments were amplified to analyze the 2 newly sequenced exon/intron junctions. The sequences of primers are listed in Table 1 .
Each amplification was performed by using a solution of 100 ng in a total volume of 50 L containing 20 mmol/L Tris-HCl (pH 8.8), 10 mmol/L KCl, 1.5 mmol/L MgCl 2 , 0.1% Triton X-100, 0.2 mg/mL BSA, 200 mol/L dNTP, 50 pmol of each primer, and 0.1 U Taq polymerase (ATGC). To amplify PCR fragments 6 and 7, 10% (vol/vol) dimethyl sulfoxide was added.
For SSCP analysis, 0.3 Ci of [␣-32 P]CTP was added to the PCR mix. PCR products were diluted 2-fold in a solution containing 95% deionized formamide, 10 mmol/L EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol. After denaturation at 94°C for 5 minutes, the samples were cooled on ice, and 4-L samples were loaded onto nondenaturing 6% polyacrylamide gel (acrylamide to bis-acrylamide ratio 39:1). Two different SSCP conditions were used for each fragment: 7.5% and 0% glycerol at 40 mA for 6 hours at 4°C, with use of a cooling fan. Then, gels were dried and autoradiographed overnight at Ϫ80°C with an intensifying screen. The DNA of patients presenting different single-strand conformation patterns of migration was reamplified, purified, and sequenced as described above.
Identification of Genotype in Study Population
A fragment encompassing the polymorphic site at position Ϫ1426 was amplified with primers TR1U and TR2Lmod, a primer modified to create a restriction site for BstNI (Biolabs, Ozyme) for the presence of the nucleotide T at position Ϫ1426. A second polymorphism at position Ϫ506 was genotyped after amplification of fragment 6 and cleavage with HinfI (Biolabs) to detect the 13-bp insertion. The digested PCR products were electrophoresed in 3% agarose and stained with ethidium bromide.
The IVSn-14 polymorphism was genotyped by using allelespecific oligonucleotides. 25 The PCR product (15 L) was denatured in 150 L of 0.5 mol/L NaOH and 1.5 mol/L NaCl and blotted onto nylon membranes (ICN). Allele-specific oligonucleotides for each allele were labeled with 50 Ci of [␥-32 ]ATP by T4 kinase (Biolabs) at 37°C for 20 minutes. Membranes were incubated for 4 hours with 20 pmol of labeled probe at 29°C, washed twice at room temperature in 1ϫ SSC for 5 minutes followed by 5 minutes in 0.5ϫ SSC at 31°C, and autoradiographed overnight at Ϫ80°C with an intensifying screen. Primers and allele-specific oligonucleotides are listed in Table 1 .
Statistical Analysis
Data were analyzed with SAS Statistical software (SAS Institute Inc). Clinical characteristics of cases and controls were compared by a 2 test with 1 df, except for age; ANOVA was used. Pairwise linkage disequilibrium coefficients were estimated in controls by use of log-linear model analysis. 26 The extent of the disequilibrium has been reported as the ratio of the unstandardized coefficients to their minimal/maximal value, ͉DЈ͉, 27 and varies between 0 and 1. The sign in front of the coefficients indicates whether the linkage disequilibrium is positive (rare alleles preferentially associated) or negative (rare alleles preferentially associated with frequent alleles).
Hardy-Weinberg equilibrium was tested by a 2 test with 1 df in cases and controls separately. Allele frequencies were deduced from the genotype frequencies, and their differences between cases and controls were tested by a 2 test (1 df). The odds ratios (ORs) and 95% CIs for thrombosis associated with the Ϫ506 allele I (ID or II carriers versus DD carriers, where I indicates insertion and D indicates deletion) were calculated by a logistic regression procedure (SAS-PROC LOGIST, SAS Institute Inc). The homogeneity of the ORs associated with Ϫ506 I/D was tested separately in men and women and across age by entering the corresponding interaction term in the logistic regression.
Differences in F1ϩ2 levels according to Ϫ506 I/D genotype were tested by a general linear procedure (SAS-PROC GLM, SAS Institute Inc) adjusted for age and sex. Arithmetic means are presented in Table 5 , but tests were performed on log-transformed F1ϩ2 to remove the skewness of the distribution.
The significance level was taken to be PϽ0.05.
Results
Identification of Polymorphisms in Promoter Domain and Exon/Intron Boundary Region
The 5Ј domain of the PAR-1 gene was sequenced by Schmidt et al 20 at 1732 nucleotides upstream from the translation start site. Because the exon/intron boundary sequences were not determined for Ͼ10 nucleotides in this pioneer work, 20 we used the human promoter finder DNA Walking kit to establish the sequences of these junction domains possibly involved in the splicing process. The nested PCR performed on each of the DNA library products obtained after the first amplification yielded a unique fragment encompassing Ϸ800 bp of the 5Ј intronic region (after exon 1). This fragment allowed us to sequence the first 236 nucleotides. The same approach was used to sequence the 3Ј intronic region (preceding exon 2). The 4-kb fragment obtained was sequenced over 205 nucleotides. The sequences of both exon/intron junctions are shown in Figure 1 . Both exon/intron junctions of the single intron of the PAR-1 gene as well as the 1732 nucleotides 5Ј to exon 1 were amplified in 9 different fragments (see Methods) and submitted to SSCP analysis. We analyzed 80 alleles from patients belonging to the PATHROS case-control study. Three different single-strand conformation patterns of migration were 
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detected. The corresponding fragments were sequenced bidirectionally, which allowed the identification of 3 sequence variations: (1) a C to T transition 1426 upstream from the translation start site (Ϫ1426 C/T), (2) a 13-bp insertion repeating the preceding 5Ј-CGGCCGCGGGAAG-3Ј sequence (Ϫ506 I/D), and (3) an A to T transversion in the intervening sequence (IVS) 14 nucleotides upstream from the exon 2 start site (IVS-14 A/T). The frequency of each polymorphism was determined in the 1214 controls, as described in Methods. An example of the genotyping is presented in Figure 2 . The allelic frequencies of Ϫ1426 T, 506 I, and IVSn-14T were 0.041, 0.256, and 0.185, respectively. The 3 polymorphisms were in moderate linkage disequilibrium in 1214 controls. Pairwise linkage disequilibrium coefficients (͉DЈ͉) were Ϫ0.55 (PϽ0.05) and 0.40 (PϽ0.001) between Ϫ1426 C/T and Ϫ506 allele I and between Ϫ1426 C/T and IVS-14T, respectively, and ͉DЈ͉ was Ϫ0.43 (PϽ0.001) between Ϫ506 I/D and IVS-14T.
Frequency of PAR-1 Polymorphisms in PATHROS Study
The main features of the studied population are presented in Table 2 . Cases and controls did not significantly differ according to age and sex. Women taking oral contraception were significantly more frequent in the case group than in the control group. Primary thrombosis (in association with the absence of contraception, recent [Ͻ1 month] surgery or trauma, pregnancy or childbirth, immobilization, or cancer) and recurrent thrombosis occurred in 59.3% and 27.9%, respectively. Pulmonary embolism was diagnosed in 31.9% of cases. A family history of thrombosis was recorded in 38% of cases. The 2 common genetic risk factors for venous thrombosis, factor V Arg506Gln, and prothrombin gene G20210A mutations were found within the expected range of the European population. The factor V Arg506Gln mutation was observed in 21.2% of cases and 3.7% of controls (PϽ0.001), and the prothrombin G20210A mutation was observed in 12.4% of cases and 2.9% of controls (PϽ0.001).
Distribution of genotypes and of allelic frequencies of the 3 PAR-1 polymorphisms is depicted in Table 3 . No significant deviation from Hardy-Weinberg equilibrium was noted for the polymorphisms investigated in the population studied. The prevalence of Ϫ1426 T (10.4% of cases versus 8.1% of controls), Ϫ506 I (40.4% of cases versus 44.9% of controls), and IVS-14T (29.6% of cases The OR associated with the Ϫ506 I allele was 0.52 (95% CI 0.32 to 0.82, PϽ0.01), pointing to a protective effect of this allele in males. The protective effect of the Ϫ506 I allele in men was conserved after exclusion of subjects bearing factor V Arg506Gln or prothrombin gene G20210A mutations; OR was 0.48 (95% CI 0.29 to 0.80, PϽ0.01). No association with the clinical status was observed by testing heterogeneity according to the occurrence of pulmonary embolism, the existence of an acquired risk factor, the recurrence, and the age of first thrombosis even after analyzing males and females separately.
Association of PAR-1 Gene Polymorphism With Plasma Phenotype Variation in Controls
To establish whether PAR-1 polymorphisms were correlated with hemostasis circulating markers, we measured von Willebrand factor plasma concentration, released by endothelial cells in response to thrombin stimulation, and prothrombin F1ϩ2, a marker of thrombin generation, in a subset of 383 controls. No detectable variations of von Willebrand factor concentrations according to the genotype were found (not shown). By contrast, F1ϩ2 levels were associated with Ϫ506 I/D polymorphism but not with the 2 other polymorphisms. As expected, F1ϩ2 levels were higher in females and increased with age (PϽ0.0001, not shown). After adjustment for these covariates, a significant reduction of F1ϩ2 was observed, confined to homozygous Ϫ506 I carriers, with a mean value of 1.04 nmol/L compared with 1.21 nmol/L and 1.25 nmol/L in heterozygous carriers and noncarriers, respectively (Pϭ0.04). Of note, there was no significant heterogeneity between men and women in the lowering effect of carrying 2 I alleles ( Table 5) . The results suggested an overall reduction in the basal level of hemostasis activation in control subjects bearing Ϫ506 I.
Discussion
The present study was designed to seek an association of PAR-1 genetic polymorphisms with VTE in a case-control There was no significant deviation from Hardy-Weinberg equilibrium.
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study with a population comparable to other European populations for genetic risk factors, 28, 29 as shown by the similar frequency of the factor V Leiden and the prothrombin gene G20210A mutations. The PAR-1 gene was screened for sequence variations that could modify the gene expression. In addition to the promoter, intronic sequences may be involved in gene expression by modification of the splicing process. Therefore, we analyzed the 5Ј regulatory domain and the domains flanking exons 1 and 2 of the unique PAR-1 intron. Because only a few nucleotides of these exon/intron junctions were known, we first sequenced 236 nucleotides upstream and 205 nucleotides downstream from the extremities of this large 22-kb intron. We confirmed that the intron started with dinucleotide GT (donor site) and ended with dinucleotide AG (acceptor site) according to the splice donor/acceptor rules. 20, 21, 30 The branch site is usually located within 30 bases (range 18 to 40) upstream from the 3Ј end of the intron. The sequence Ϫ35 UUUUUAC Ϫ29, determined in the present study, could correspond to the consensus sequence 5Ј-YNYRAY-3Ј (YϭCorT; NϭA, T, CorG; RϭAorG (see Figure 1) .
Screening the promoter and the exon/intron junctions by PCR-SSCP allowed us to identify 3 novel polymorphisms in the PAR-1 gene. One polymorphism was found in the 3Ј end of the large intron near a putative acceptor site , and the 2 others were a C to T transition at position Ϫ1426 and a 13-bp insertion repeating the preceding 5Ј-CGGCC-GCGGGAAG-3Ј sequence at position Ϫ506 in the promoter.
Potential transcription factor binding sites were searched with the Transcription Factor Database program. 31 The polymorphism located at Ϫ1426 did not create or disrupt a cis-acting putative element. Interestingly, inside the 13-nucleotide sequence repeat at position Ϫ506, a potential recognition site (5Ј-GCGGGAAGC-3Ј) for the known activating factor ets was found. 20, 21, 32 The ets proteins are members of a large family with a conserved 84 -amino acid sequence (the ets domain) allowing their binding to the GGA core as monomers. [33] [34] [35] The ets proteins play a major role in the formation of the initiation complex in genes lacking the canonical TATA box sequence, such as the PAR-1 gene promoter. 36 -39 In such promoters, the Ets binding motifs help to determine the selectivity for transcription factors. 40, 41 PAR-1 gene promoter deletion and expression in human endothelial cells showed that the nucleotide sequence Ϫ702 to Ϫ4, a region encompassing several putative cis-activating sequences, had the highest expression of the reporter gene. 21 Because the Ϫ506 I/D polymorphism duplicates a putative binding site for Ets-1/Ets-2 and is located within the active part of the promoter, it might influence the gene expression level in basal conditions or in response to different stimuli.
Experimental data, such as transient transfection studies, have not yet been completed to support the functional implication of this polymorphism on the promoter activity.
The primary goal of the present study was to search for an association of the PAR-1 genotype with thrombosis. The large number of controls allowed a reliable estimation of the allele frequencies in our French population: 0.185, 0.041, and 0.256 for the IVS-14T, Ϫ1426 T, and Ϫ506 I alleles, respectively. In the 250 patients, similar frequencies were observed, suggesting no overall association of these polymorphisms with VTE. However, comparison of cases with controls showed a strong heterogeneity according to sex for the distribution of the Ϫ506 I/D polymorphism (PϽ0.01), which prompted us to analyze men and women separately. Men carrying one or two Ϫ506 I alleles had a reduced risk of developing thrombosis with an OR at 0.52 (95% CI 0.32 to 0.82, PϽ0.01), inferring that the I allele might protect men from VTE. The absence of a protective effect in women might be related to an influence of female hormones on PAR-1 expression, with estrogens at pharmacological concentrations being risk factors for venous thrombosis. 42, 43 However, this is unlikely because the distribution of the polymorphism in women without oral contraception remained similar in cases and in controls.
PAR-1 is expressed on endothelial cells and on platelets, 2 key cells for hemostasis. Platelet activation by low thrombin concentrations via PAR-1 44 -46 results in different cellular responses, such as aggregation, intragranular component release, and phosphatidylserine exposure with subsequent procoagulant activity. The latter response is crucial for prothrombinase complex assembly and thrombin generation. Endothelial PAR-1 activation may downregulate platelet aggregation by increasing PGI 2 synthesis and, conversely, contribute to thrombin generation by inducing tissue factor. Thrombin-activated endothelial cells may themselves express a procoagulant phenotype and/or release proinflammatory cytokines with subsequent monocyte tissue factor induction. Thus, several mechanisms may explain an involvement of PAR-1 in the regulation of thrombin generation reflected by F1ϩ2 concentration. Thus, it will be important to determine whether the I/D polymorphism influences the density of PAR-1 receptors on both platelets and endothelial cells and to evaluate the putative consequences on each cellular response. It is also Tests (on log of F1ϩ2) are as follows: overall genotype effect, males and females pooled, Pϭ0.04; test of heterogeneity of genotype effect between males and females, Pϭ0.67.
*Adjusted for age. †Adjusted for age and sex.
difficult to explain why the Ϫ506 I allele was significantly associated with decreased F1ϩ2 levels in both male and female subjects homozygous for the Ϫ506 I allele but that the protective effect was restricted to male patients. The number of Ϫ506 I homozygote carriers was very low in the subset of subjects in whom F1ϩ2 was measured (12 males and 18 females), which reduces the power of the statistical analysis.
To our knowledge, this is the first report involving human PAR-1 gene polymorphisms. One of them, an insertion of a putative Ets cis-acting element, could play a role in gene regulation. The protective effect of the Ϫ506 I/D polymorphism argues for an involvement of PAR-1 in the pathological process leading to thrombosis, although we cannot exclude the possibility that the Ϫ506 I allele is genetically linked to other causative gene variations.
